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Abstract—A description of almost all the current widely used methods used for the interpretation of the results
obtained in analyzing gases dissolved in oil (AGDO) is presented. In addition, a new method for identifying
defect types, an algorithm for its application, and the advantages thereof over other methods are described. A
technique for testing the reliability of the AGDO interpretation methods and results obtained upon testing
these methods are presented. The quality of the detection provided by the considered methods has been com-
pared with respect to various types of defects. In the course of the testing, special attention was paid to exam-
ining the issue that different methods of AGDO interpretation can identify different number of defect types.
The evaluation of the quality of the methods and the testing of their reliability have been performed for a test
sample containing 134 cases of transformer damage. For each case, there is a detailed description of the defect
development process (the results of analyzing and testing of a transformer for the preceding period and the
records in the operational documentation), as well as the results of transformer investigation, in the course of
which the cause of damage done to it has been established.
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INTRODUCTION
Analysis of gases dissolved in oil (AGDO) has been
used in Russia for more than 35 years to assess the
technical condition of transformer equipment (power
transformers, block and converter transformers, auto-
transformers, oil-filled reactors). This procedure
allows one to detect the development of defects in the
transformer at an eaR1y stage, as well as to identify a
wide range of types of defects. In spite of the fact that
AGDO has been used for a long time and makes it pos-
sible to reveal up to 80% of transformer defects, accu-
rate interpretation of AGDO results is still considered
something of an art.
The evaluation of the technical condition of trans-
formers based on the results of AGDO consists of two
stages: revealing the development of a defect and
determination of its nature and type. To identify a
defect, one uses criteria for excessive gas concentra-
tions and their rates of increase above permissible and
maximum permissible values. The regulated values, as
a rule, are found from the integral distribution func-
tion for the results of the preventive AGDO monitor-




Methods for identification of defect types deter-
mine the character of defects (electrical or thermal), as
well as the level of manifestation of a defect. The level
of manifestation of thermal defects is determined by
the temperature value in the defect zone. The level of
manifestation of electrical defects is connected with
the power, lifetime, and spatial characteristics of an
electrical discharge.
International and national standards usually
include several methods for identifying types of trans-
former defects according to the results of AGDO. To
all appearances, this is connected with differing reli-
ability in the detection of various defects using differ-
ent methods. In an effort to improve the reliability of
recognition of damage types, specialists in different
countries are still developing novel methods and
improving existing ones. In this case, the developed or
improved method is “tuned” with respect to the
defects characteristic of a particular inventory of trans-
formers.
To compare the reliabilities of different methods,
we have selected well-known and widely used ones.338
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This method was developed by Japanese diagnosti-
cians in the 1980s. It is existed since 2000 in the regula-
tory documentation of the Russian Federation [1], and it
has already been used in the course of 25—30 years in the
practice of the diagnostics of domestic transformers.
This method is successfully used in the standards of
Ukraine [2] and Belarus [3]. The method is based on
the comparison of nomograms inherent in typical
defects with diagrams plotted for ratios between the
measured concentrations of H2 (hydrogen), CH4
(methane), C2H6 (ethane), C2H4 (ethylene), and
C2H2 (acetylene) with respect to the maximum con-
centration. By comparing the nomograms of defects
with the diagram of gases with respect to the maxi-
mum concentration for a transformer under study, one
can choose the closest image and, thus, determine the
nature of the revealed defect. The method proposes
using 12 nomograms that describe eight types of
defects. These are partial discharges having different
intensities, sparking and creeping discharge, electric
arc discharge, and heating in different temperature
ranges, as well as defects that have both thermal and
electrical manifestations. It should be noted that two
nomograms are presented for some defects. The main
advantages of the method consist in a wide range of
diagnosable defect types, obviousness, usability, and
the absence of undetectable states.
Gas Pairs Method
In international practice, five gas pair ratios are
used to identify the type of a transformer defect as fol-
lows: (R1) CH4/H2, (R2) C2H2/C2H4, (R3)
C2H2/CH4, (R4) C2H6/C2H2, and (R5) C2H4/C2H6.
The gas pairs method, which was proposed by Rog-
ers in 1967, is based on the fact that, for each defect
type, certain paired ratios between the concentrations
of gases dissolved in oil are in the specified ranges.
Ratios R1, R2, and R5 ratios are used in the Rogers gas
pairs method. The method sets certain values of ratios
R1, R2, and R5 for describing eight defect types, as
well as transformers in a fault-free condition. The
method recognizes four types of electrical defects,
ranging from weak partial discharges (PDs) to electric
arc discharges, as well as four types of thermal defects,
ranging from weak heating (to 150°C) to strong heat-
ing (over 700°C).
The advantages of the method consist in its usabil-
ity, as well as the fact that it is well-known and widely
used. In Russia, the method has been used from the
beginning of the use of AGDO. Different variations of
the method are used in both Russian [1, 4] and foreign
[3, 5, 6] regulatory documents.
The disadvantage of this method consists in the
presence of undiagnosed technical conditions of
transformers, when a certain set of R1, R2, and R5 val-RUSSIAN ELECTRICAL ENGINEERING  Vol. 90  Noues does not correspond to any of the variants pre-
sented by the gas-pairs method.
Duval Triangle Method
This method is part of international [6] and
national [2] standards. The method has been known
for a long time [7]; however, it is still being improved.
The authors of [8] proposed six triangles for diagnos-
ing the condition of transformers and voltage control
units filled with synthetic or mineral (organic) oil. To
assess the condition of a transformer filled with min-
eral oil, triangle 1 is used (for identifying one of the
seven basic diagnoses), and triangles 4 and 5 are used
to clarify these diagnoses. When comparing the reli-
ability of defect recognition using various methods,
only triangle 1 is used in this paper. Thus, in compar-
ing the methods, it has been taken into account that
the DT method can recognize the following technical
transformer conditions, such as weak, moderate, and
strong thermal defects; partial discharges; and low-
and high-energy discharges, as well as defects of mixed
type involving signs of both thermal and electrical
damage. The Duval Triangle method, like the Nomo-
gram method, is graphic, clear, and does not result in
undiagnosed transformer states, but it is more difficult
to use than the other graphical methods.
Dornenburg Method
This method, as well as the gas pairs method, is
based on the ratios between gases dissolved in oil. In
this case, ratios R1–R4 are used. The method is sim-
ple to use; however, only three types of defects can be
distinguished using this method. These are heating
(without separation by intensity), partial discharges,
and sparking. The method has been known since
1970s and is still used in the U.S. standard [5]. The dis-
advantages of this method consist in a small number of
recognizable defects, and in the presence of undiag-
nosed states.
Graphic Method for Gas Pairs
The method is based on using paired gas ratios R1,
R2, and R5. In fact, this is a graphic interpretation of
the GP method, but the boundaries of the relation-
ships that determine the ranges of various defects are
different. The method recognizes six types of defects—
partial discharges, high- and low-energy discharges,
and three gradations of heating. It should be noted that
the term “high-energy discharges” in the works of for-
eign scientists designates electric arc discharges and
strong spark discharges, whereas the term “low-energy
discharges” designates creeping discharges and weak
spark discharges.
Management directives [1–6] recommend addi-
tional use of the CO2/CO ratio for determining the
level of manifestation of paper insulation defects. The. 4  2019
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Table 1. Determining the type of transformer defects according to the ensemble of characteristic gases
* Maximum heating at the location of the defect;
Type of defect H2 CH4 C2H6 C2H4 C2H2
Heating* to 300°C C, D B A C, D D
Heating* from 300 to 700°C D A C B D
Heating* higher than 700°C D B C A D
Partial discharges A C D D D
Low-power discharges A C D D B
Electric arc, high power discharges B C D D A
Combination of defects with prevalence of an electrical defect D B D C A
Combination of defects with prevalence of a thermal defect C, D A B D C, Dapplication of the afore-mentioned relationship to the
analysis of the accuracy of the methods is not consid-
ered in this paper.
As far as the evaluation of the listed methods is
concerned, it should be noted that the advantages of
the nomogram method and Duval triangle method as
compared to the others consist in the fact that they
recognize defects that have a combined thermal and
electrical character. The Duval triangle, Dornenburg,
and gas-pairs methods are presented neither in the
Russian management directives nor in the guidelines
of Russian plants producing oil-filled equipment. In
practice, there is moderate experience in using the
Duval triangle method in Russia. For example, it is
used in the Albatross EDIS expert diagnostic system
for the evaluation of oil-filled equipment.
Method of Characteristic Gas Ensembles
This method is that created by the authors of this
paper.
To identify the nature of damage, it is necessary to
calculate the relative concentrations of gases ai using
permissible concentration values :
(1)
where  is the measured value for the concentration
of the ith gas in the analyzed oil sample, vol %, and 
is the permissible value for the concentrations of ith
gas, vol %.
In addition, an alphabetic designation should be
assigned to each of the five gases (H2, CH4, C2H6,
C2H4, C2H2) as follows.
Letter A corresponds to the main gas for this defect
with maximum relative concentration  of hydro-
carbon gases and H2 under the condition  ≥ 1.
Letter B corresponds to a gas with a high content
and its relative concentration ai at the second level












iaRUSSIAN ELetter C corresponds to a gas with a relative gas
concentration at the third or second level among the
gases under consideration, but ai < 1.
Letter D corresponds to all other gases.
Using this five-unit alphabetic classification sys-
tem describing relative gas concentrations in the ana-
lyzed oil sample, one can determine the type of trans-
former defect using Table 1. For example, for partial
discharges, such an alphabetical code can be presented
as ABDDD.
If the resulting five-unit alphabetic code of the
defect does not coincide with any of the alphabetic
designations listed in Table 1, then the closest code
among the presented defect code numbers should be
found. To do this, first of all one should select defect
code numbers from Table 1 according to the coinci-
dence in the position of letter A with the code of the
considered defect. If there is more than one such code
number among them, then the alphabetic code should
be selected that exhibits coincidence in the position of
the second-most-significant letter.
For example, if the defect under consideration cor-
responds to the alphabetic code DABCD, then, at the
first step of searching for similar defects, the DABCD
alphabetic code (heating in the range from 300 to
700°C) and the [C, D] ABD [C, D] code (combina-
tion of defects with a prevailing thermal defect) are
held in reserve. At the second step, after checking the
letter B position as to whether it coincides in the
alphabetic code, the [C, D] ABD [C, D] alphabetic
code remains, which unambiguously correspond to
the combination of defects with a prevailing thermal
defect.
A TECHNIQUE OF TESTING METHODS
FOR IDENTIFICATION ACCURACY
OF DEFECT TYPES
The difficulty in comparing methods consists in
the fact that each method has its own set of recogniz-
able technical condition classes that differ from each
other in the number and name of defects. For exam-LECTRICAL ENGINEERING  Vol. 90  No. 4  2019
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Table 2. Classes of transformer technical condition
Class 
code Name of technical condition class
0 Normal condition of the equipment or its natural aging
1 Heating to 300°C
2 Heating from 300–700°C
3 Heating higher than 700°C
4 Partial discharges
5 Weak spark discharges and creeping discharges
6 Electric arc discharge and strong spark discharges
7 Combination of defects with prevalence of an electrical 
defect
8 Combination of defects with prevalence of a thermal 
defectple, the Dornenburg method distinguishes only three
types of defects, whereas the Nomogram method gives
12 different of defects (which can be reduced to eight
different types). Therefore, firstly, the technical con-
dition classes of transformers intended for the recogni-
tion on the basis of AGDO have been selected (Table 2),
then the types of defects determined according to each
method have been correlated with the set of classes
presented in Table 2.
The class with code number 1 (normal condition
and natural equipment aging) includes serviceable
transformers that completely perform their functions.
The thermal nature of the defect is represented by the
classes of technical condition with code numbers 2, 3,
and 4 that differ from each other in the range of heat-
ing temperature values. The defects of electrical nature
correspond to classes with code numbers 5, 6, and 7
that differ from each other in the intensity of the defect
manifestation, from partial discharges to arc dis-
charges. The class with code 6 includes two states such
as sparking and creeping discharge. These defects,
which differ in the causes of onset and in the character
of development, are combined into one class accord-
ing to the same intensity of manifestation of the elec-
trical nature of the defects. The class with code 7
includes two states, electric arc and strong sparking
accompanied by an intense heating. It is difficult to
imagine an electric arc or a high-power electric dis-
charge without heating. Combining the two types of
defects in the technical condition class with one code
number demonstrates that the tested methods do not
necessarily need to distinguish between these states.
The classes of technical condition with code num-
bers 8 and 9 represent a combination of defects having
electrical and thermal nature manifested with different
intensity. To make a decision concerning the further
operation of the transformer, it is important to know
which nature of the defect prevails. It should be noted
that recognition of technical condition classes 8 and 9
is not characteristic of any foreign methods, which is a
general disadvantage of them. The proposed GE
method identifies defects with code numbers 8 and 9,
which is an additional advantage thereof.
The idea of testing consists in comparing the type
of defect (the class of technical condition) from Table 2
determined by the method being used with the type of
defect revealed upon the disclosure (repair) of the
power transformer.
The results of comparison should be placed in the
following three categories:
—full coincidence (the class code determined by
the method coincides with the class code according to
the results of disclosure);
—partial coincidence (the class code determined
by the method coincides in the defect character and is
next in the intensity of its manifestation with respect to
the class code determined by the disclosure results);
andRUSSIAN ELECTRICAL ENGINEERING  Vol. 90  No—error (the class code determined by the method
does not coincide with the class code determined by
the disclosure results).
In the case of false recognition, the type of error is
important:
—the used method does not recognize the mani-
festation level of the defect (for example, the heating
temperature); and
—the used method does not distinguish between
the thermal and electrical natures of the defect.
The latter kind of error is considered the crudest.
The comparison of methods should be performed
using a representative sample, that represent the entire
inventory of Russian transformers and all the types of
technical condition classes.
For the testing, we used a database (DB) of power
transformer defects collected in the Albatross expert
diagnostic system for assessing the condition of oil-
filled equipment (EDIS) in the course of its 25 years of
operation at power engineering facilities. Each case in
the test sample exhibits a history of damage develop-
ment, which was reflected in the results of AGDO, in
the rating characteristics of the transformer under
consideration, and in the description of the event that
caused the damage. The damage is described with the
use of 15 classification reference books containing lists
of damaged facilities, the causes of this damage, the
nature of defects, the persons responsible, the conse-
quences, etc. All the cases have been checked by
experts for correspondence between the description of
the damage (its completeness and accuracy) and the
identification of the defect type according to the
results of AGDO. After the analysis, 134 cases of trans-
former damage and 134 AGDO results were selected
from the Albatross EDIS database corresponding to
the defect nature according to its description and
reflecting the culmination of its manifestation.
Experts have assigned a technical condition class code
to each of the selected cases according to Table 2. In. 4  2019
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Table 3. Statistics of defect types in the test sample of trans-
formers
Technical condition class Number of cases
Heating to 300°C 5
Heating  from 300–700°C 11
Heating higher than 700°C 5
Partial discharges 12
Partial discharges 16
Electric arc discharge and strong spark discharges 51
Combination of defects with prevalence of an elec-
trical defect
20
Combination of defects with prevalence of a thermal 
defect
14
Total 134addition, cases with mixed defect nature (technical
condition code numbers 8 and 9) have been identified.
The algorithm of defect-type recognition by means
of the five international methods described above, as
well as by means of the GE method, was implemented
with a computer with the help of the Python program-
ming language.
In addition, each result of the AGDO sampling of
damage has been analyzed using each of the six tested
methods, with memorization of the revealed defect
code (according to the classification presented in
Table 1).
A comparison was then drawn between the techni-
cal condition code determined by the method and the
code assigned by experts. The result of comparison
was classified registered in the categories of Complete
Coincidence, Incomplete Coincidence, and Error.RUSSIAN E













According to the results of the comparison, the sta-
tistics of correctly and erroneously identifiable states
performed using each method has been determined for
each class of technical condition (type of defect).
The sample used for testing the accuracy of AGDO
interpretation methods contains 134 cases of trans-
former damage with reliably known causes of the
defects and the character of their manifestations.
Experts have assigned damage-type code numbers to
these defects as shown in Table 2. The statistical data
on different types of damages contained in the sample
are presented in Table 3 that shows that the sample
unevenly covers all the types of transformer technical
conditions. However, it should be noted that the total
fraction of damaged windings and switching devices
(SD) ranges from 60 to 70% with respect to all the
cases of damage revealed in power transformers [9].
The most frequent type of defect in these units is elec-
tric arc discharge caused by various origins such as turn-
to-turn short circuit, and interwinding short circuit, as
well as by strong sparking caused by a damaged SD.
Therefore, the shift of the sample toward defects of a
sparking character is quite natural and to a consider-
able extent reflects the actual distribution of defect
types observed in the inventory of power transformers.
Figure 1 shows the testing results for the six meth-
ods with respect to the reliability of recognition of
transformer defect type according to the results of
AGDO. The accuracy of the methods were assessed in
the basis of comparison of the type of defect deter-
mined using one of these methods with the type of
defect determined by an expert according to the
description of a disclosure (repair) of a transformer
and the results of AGDO.
It can be seen from Fig. 1 that most methods give a
complete agreement with an expert appraisal in
around 30% of cases. The gas ensemble method has
turned out to be the best for defect-type recognition
(the diagnosis is correct in 37% of cases); all other
methods yield somewhat worse results, with the
exception of the gas pairs method.
To assess the recognition reliability of damage
types using different methods for interpreting the
AGDO results, it is necessary to take into account
diagnoses that are not completely accurate, but gener-
ally correct. Such a situation can be observed if the
method correctly determines the defect nature (ther-
mal or electrical defect character), but relates the
intensity of its manifestation to a neighboring class of
the transformer technical condition. For example,
instead of weak heating (lower than 300°C), the
method shows moderate heating (300–700°C). In Fig. 1,
such cases are indicated “partial coincidence.” If one
compares the accuracy of defect determination
according to the sum of complete and partial coinci-
dence in determining the class of the technical condi-
tion, the accuracy of the gas ensemble method is 7–
8% worse than that characteristic of the Duval triangle
and nomogram methods.LECTRICAL ENGINEERING  Vol. 90  No. 4  2019
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the defect—thermal or electric—well. Weak heating
has been recognized only using the graphical method
of gas pairs, as well as using the method of gas ensem-
ble. The gas pairs method is the method that most
accurately identifies moderate heating. The other
methods do not distinguish the moderate heating from
strong heating or from a mixed-type defect such as a
prevalence of heat over sparking. The Dornenburg
method is an outlier in recognizing thermal defects
since it does not exhibit any potential for determining
the intensity of heating.
Partial discharges could not be correctly diagnosed
using methods based on the ratio between the pairs of
gases (gas pairs, graphic, Dornenburg methods), as
well as the Duval triangle method. The gas-ensembles
method has correctly revealed more than 50% of the
cases of partial discharges. The remaining methods
have equally revealed only a third of the total number
of cases. It should be noted that, in half of cases, the
methods cannot equally distinguish between the case
of partial discharges and the serviceable transformer
condition.
Technical condition class code no. 5 (sparking and
creeping discharges) is poorly recognizes by all the
methods. The gas pairs method, Duval and Dornen-
burg methods, and gas ensemble method never deter-
mined them correctly. Most often, this defect is iden-
tified as an electric arc discharge by means of the
Duval triangle method, gas pairs method, and graphic
method (30–50% of partial coincidence). The gas
ensemble method cannot distinguish sparking and
partial discharges in 60% of cases.
Defect no. 6, “arc discharge and strong spark dis-
charges,” is quite well identified using all the methods
(70–65% of correctly recognized cases). The Duval
triangle, Nomogram, and graphic method most often
do not distinguish between electric arc and sparking
(up to 20% of cases).
None of the methods (except for the gas-ensemble
method) distinguish between “sparking prevalence
over heating” and “strong heating” in half of cases.
The gas-ensembles method has correctly revealed
“sparking prevailing over heating” in 70% of cases.
However, “heating prevailing over sparking” has been
recognized by the GE method only in 10% of cases. It
should be noted that other methods do not exhibit any
ability to recognize this type of defect (code no. 8).
In general, the accuracy of the methods for identi-
fying the defects listed in Table 1 does not exceed 70%.
If one considers correct recognition of a properly
defined defect nature with no further identification of
its severity, the share of defects recognized using the
gas-ensemble method, the nomogram method, and
the Duval triangle method ranges from 63 to 69%.
CONCLUSIONS
The obtained result does not contradict the com-
mon opinion that AGDO can reveal more than 80% ofRUSSIAN ELECTRICAL ENGINEERING  Vol. 90  Nodefects in a power transformer (according to Duval,
AGDO can reveal 96% of damages). When developing
defects are identified on the basis of the results of
AGDO by means of a test as to whether the gas con-
centrations and defect growth rates exceed permissible
levels. In this case, the accuracy of defect-type identifica-
tion is tested using the five best-known and most widely
used international methods, and using the new gas-
ensemble method for domestic power transformers.
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